Of approximately 300 cultures of Salmonella, representing 75 different serotypes, none was found to be as heat-resistant as S. senftenberg 775W. However, S. blockley 2004 was 5 times more heat-resistant and S. senftenberg 775W was 30 times more heat-resistant than S. typhimurium Tm-i, the reference strain in this study. All other strains of Salmonella tested, including 19 strains of S. senftenberg and 7 strains of S. blockley, had decimal reduction times at 57 C of about 1 min, equivalent to that of the reference organism, Tm-1. As observed in other bacterial species, strain 775W is more heat-sensitive in the log phase than in the stationary phase of growth. Cells from cultures grown at 44 C were more heat-resistant than those grown at either 35 or 15 C; the medium of growth, whether minimal or complex, made no appreciable difference in heat resistance. Cells from cultures limited by a carbon source were killed at a much slower rate than those limited by a nitrogen source and exhibited a 1-hr lag at 55 C before a significant rate of kill was attained. For any given set of growth conditions, strain 775W was always more heat-resistant than another strain of S. senftenberg, 197B, which has normal heat resistance.
The thermal resistance of the genus Salmonella is a matter of great concern to all persons concerned with public health and to food processors and handlers. Although numerous reports, as cited by Bayne et al. (4) , indicate that salmonellae are relatively sensitive to heat, one strain of S. senftenberg, 775W, represents an exception.
This organism was first mentioned by Winter et al. (19) with three other H2S-negative strains of S. senftenberg in heat resistance studies. It survived almost 5 min of heating at 60 C in liquid egg. Later Solowey, Sutton, and Calesnick (15) , designating the organism for the first time as 775W, showed it to have a decimal reduction time (DRT) at 61 C of 1.1 min in liquid whole egg and 1.19 min in a tryptose broth as compared to DRT values of less than 1 min at 58 C for other Salmonella cultures. Despite its unusual heat resistance, this organism, isolated from egg powder along with 149 other Salmonella, has not been adequately described. The only mention of its taxonomic position was the serological typing by E. H. Spaulding of the School of Medicine, Temple University, Philadelphia, Pa. (19) . Although extensively used in several heat resistance studies (1-3, 10, 12, 16) , its identity was neither questioned nor confirmed.
In view of the uniqueness and potential public health significance of S. senftenberg 775W, we will present a more thorough description of its biochemical properties, ascertain the frequency of occurrence of other Salmonella equally heatresistant, and determine how variations in growth conditions, such as age of culture, growth medium, and growth temperature, affect its heat resistance and that of a strain of the same serotype having normal heat resistance.
MATERIALS AND METHODS Media. Generally, the medium was Trypticase Soy Broth (BBL) supplemented with 2% (w/v) yeast extract (Difco; TSB-YE) or Trypticase Soy Agar similarly supplemented (TSA-YE). It should be noted that commercial TSA differs from TSB not only in the presence of agar but in the absence of 0.25% (w/v) dextrose and 0.25% (w/v) dipotassium phosphate. The minimal medium used was 56 (11), having the following composition (per liter): 13.6 g of KH2PO4, 2.0 g of (NH4)2SO4, 0.01 g of CaCI2, 0.2 g of MgSO4i 7H20, and 0.0005 FeSO4. 7H20. The pH was adjusted to 7.4 with NaOH. Glucose was autoclaved separately and added aseptically to the sterile medium to give a final concentration of 0.2% (w/v). In the nitrogen-and and carbon-limited studies with S. senftenberg 775W, the concentration of (NH4)SO4 and of glucose was reduced to limiting levels 0.016 and 0.05%. respectively, in the same minimal medium.
Bacterial strains. The Salmonella cultures were obtained from (i) the National Communicable Disease Center, Atlanta, Ga., (ii) The Microbiology Labora- Thermal resistance of some Salmonella serotypes. Two hundred and ninety-six salmonellae of approximately 75 different serotypes were screened for heat resistance and were compared to S. typhimurium Tm-1. Only results obtained on those serotypes of which 10 or more strains were tested are presented in Table 1 . A minimum, a maximum, and an average ratio among strains are given. No average ratio exceeded a value of two; i.e., no serotype on the average was more than twice as resistant as S. typhimurium Tm-1. Even the most heat-resistant strain of any one serotype, e.g., one strain each of S. heidelberg, S. pullorum, S. manhattan, and S. tel-viv (the latter two not shown on the table), was only slightly more than twice as resistant as S. typhimurium Tm-1. An exception was a strain of S. blockley 2004, which was consistently about five times as resistant. Although not indicated in Table 1 , six other strains of S. blockley had only an average ratio of about 1. The survey included 19 strains of S. senftenberg other than 775W, among which were both H2S-positive and -negative strains; none was significantly more heat-resistant than S. typhimurium Tm-1. The decimal reduction times for the chief strains at 57 C and pH 6.8 were:
S. typhimurium Tm-i, 1 (13, 17) . Therefore, it is conceivable that the extreme heat tolerance here- id, e, f), which has normal heat resistance, it was still more heat-resistant in both log and stationary phases. Furthermore, strain 775W was more heatresistant than 197B at all growth temperatures. In addition, the heat resistance of both strains was a function of growth temperature; the higher the temperature, the more resistant were the cells. The cells which had been grown at 44 C and had survived the heating (Fig. ic) were reisolated and allowed to grow at 35 C and again were tested for heat resistance. They were found to have a DRT characteristic of cells grown at 35 C. Thus, neither did growth of the culture at 44 C bring about a heat-resistant mutant nor were the survivors of a heat treatment any more resistant than the original cells. Effect of growth medium on heat resistance. The heat resistance of S. senftenberg strains 197B and 775W, grown for 48 hr in either a minimal medium or in the TSB-YE, is shown in Fig. 2 . Strain 775W was more resistant than 197B regardless of growth medium. Cells of 775WY however, appeared to be more resistant when grown in a complex medium than in the minimal medium, a difference not demonstrable in cells of 197B, which were equally resistant in both growth media.
Effect of carbon and nitrogen limitation on heat resistance. Since the foregoing experiments indicated that cells in the stationary phase of growth are more heat-resistant than those in the expo- 
DISCUSSION
The results of the present study indicate that S. senftenberg 775W is indeed an unusual and rare organism. Although the method used for screening the several hundred cultures is approximate, it appears to be reliable for the purpose of comparing heat resistance among organisms and it is simple and rapid. Several of the cultures tested in this survey had been isolated from pasteurized egg products, but they proved to be no more heatresistant than the average. It appears, therefore, that Salmonella recovered from these pasteurized products resulted from recontamination or improperly operating equipment. On the other hand, the somewhat heat-resistant culture of S. blockley 2004 was isolated from a human salmonellosis case by the California Department of Public Health.
A strain of Salmonella as heat-resistant as S. senftenberg 775W was reported (6) after completion of the present work. This strain of S. senftenberg (designated strain S8 in the authors' culture collection) had heat resistance identical to, within experimental error, that of 775W. It is a coincidence that the two strains are of the same serotype. Limited tests performed in this laboratory have failed to distinguish between the two strains. The possibility exists, therefore, that they may be the same organism even though 775W was isolated from dried eggs in the United States, whereas S8 was isolated from home-killed meat in England. Although both strains of heat-resistant Salmonella are of the same serotype, our work and that of Solowey et al. (15) and Davidson et al. (6) showed that not all S. senftenberg strains are heat-resistant nor are all heat-resistant salmonellae S. senftenberg. Furthermore, the ability to produce H2S is not correlated with heat resistance.
Factors which affect heat resistance of bacteria during heating should be distinguished from those effective before heating, such as growth conditions of the cells. Hansen and Riemann (8) have amply studied and reviewed the former, whereas the latter have not been studied as thoroughly.
The effect of age of culture on heat resistance was first reported by Sherman and Albus (13) and has since been confirmed (17) . The results of the present study unequivocally demonstrate that S. senftenberg 775W is more resistant than other strains of Salmonella, not only in the stationary growth phase, as demonstrated so often, but also in the exponential growth phase. However, as was expected, the stationary-phase cells are many times more resistant than exponential-phase cells.
The medium in which the cells are grown seems to have little or no influence on their heat resistance; those grown in a complex medium may be slightly more resistant than those grown in a glucose minimal medium.
The temperature at which cells are grown appears to have a larger influence on their thermal resistance. Reports concerning this variable have been conflicting. Sherman and Cameron (14) found that cells grown at lower temperatures were more heat-resistant, and Claydon, cited by Hansen and Riemann (8) , observed that Streptococcus lactis exhibited greater heat resistance when grown at 10 C than when grown at higher temperatures. However, Elliker and Frazier (7) found that E. coli survived heat treatment better when grown at 38.5 or 40 C than when grown at 81 VOL. 17, 1969 A most significant observation is that heat resistance of Salmonella can vary widely, depending on strain differences, age of cell, and temperature of growth, from a low DRT of 0.55 min for 197B grown in the log phase at 15 C to a high of 42 min for 775W grown to the stationary phase at 44C.
The kinetics of killing observed in our experiments were complex, and interpretation of the data is difficult. The survivor curves took on a variety of shapes. There has been much discussion and speculation on this subject, e.g., reference 5, but its causes are unknown. In our experiments, the curve representing an initial slow rate followed by a more rapid killing rate was most frequently obtained when S. senftenberg 775W was grown to a stationary phase either in a complex medium or in a minimal medium where glucose is limiting.
However, when cells were grown in a minimal medium limited by nitrogen source, an immediate exponential killing rate was obtained. The lag in kill can be 1 hr or more at 55 C so that the usual explanation of come-up time for this type of multihit kinetics is inadequate since, experimentally, the heating medium was allowed to reach temperatures before cells were added.
Another explanation often advanced is that cells are clumped so that many units must be inactivated before a kill is detected. The magnitude of the lag, however, would require clumps of the order of hundreds of cells, an unlikely event. At present, no explanation can be offered for the lag in killing.
The other kind of kinetics usually observed with log-phase cells is one in which an initial rapid kill is followed by a slower kill. This can be explained by the presence of a heterogeneous population in which a small percentage of cells is more heat-resistant, for example, those which failed to enter the exponential phase but remained in the more resistant stationary or lag phase.
Work now in progress to determine why S. senftenberg is so much more heat-resistant than the other salmonellae may reveal what factors contribute to the heat resistance of bacteria and may reveal the mechanism by which heat kills bacteria.
